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Abstract A boron-doped diamond electrode was used as an
electrochemical sensor for the determination of phlorizin (aka
phloridzin, phlorrhizin) using square wave voltammetry
(SWV). Phlorizin (Phl) exhibited a well-defined oxidation
peak at +0.9 V (versus Ag/AgCl electrode 3 M KCl) in solu-
tions with a pH value of 6.0. Parameters such as pH value and
scan rate were optimized for cyclic voltammetry as well as
amplitude and frequency for SWV. The sensor gave excellent
response with a wide linear dynamic range for concentrations
of phlorizin from 3 to 100 μM with a detection limit of
0.23 μM and a good repeatability (± 0.9%, n = 7 measure-
ments, c = 10 μM). The effect of interferences by most com-
mon compounds was tested, and the method was successfully
applied to the determination of the title compound in apple
root extracts and urine samples with satisfactory recovery.
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Introduction
Phlorizin (Phl, pKa = 7.89) is a natural product which is
found in a number of fruit trees primarily in apple (Malus)
species widely distributed in the bark and leaves (de
Koninck 1835a, b).
It belongs to the chalcone class of flavonoids (Wang et al.
2013), and it is sometimes also named phloridzin, phlorrhizin,
phlorhizin, or phlorizoside. Phl has many biological functions,
such as antioxidase activity, regulation of glucose transport,
and the ability to induce apoptosis in tumor cells (Chang et al.
2012). Phl reduces renal glucose transport, lowering the
amount of glucose in the blood. Phl and its derivatives have
found wide usage in food and beverage industry as well as
additive in pharmaceuticals and cosmetics (Zhu et al. 2013;
Kim et al. 2014). There are several research articles published
related to phlorizin and its derivatives’ pharmacological effect
(Ostroumova et al. 2013; Shin et al. 2011; Lee et al. 2011).
Especially, the effect of phlorizin on glucose uptake and dia-
betes has been intensively examined and was reviewed. It
prevents the uptake of glucose into the brain and decreases
its availability (Ehrenkranz et al. 2005).
Up to now, there are several electroanalytical methods re-
ported for the determination of the total antioxidant capacity
(Pekec et al. 2013; Rebelo et al. 2013; Tirawattanakoson et al.
2016; Gao et al. 2015; Petkovic et al. 2015) and chromato-
graphic methods using different detectors such as high-
performance liquid chromatography (HPLC) in combination
with electrospray ionization tandem mass spectrometry (Lijia
et al. 2014), with nuclear magnetic resonance and mass spec-
troscopy (NMR-MS) (Lommen et al. 2000; Tsao et al. 2003),
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with a diode array (Tsao et al. 2003), or a multielectrode cou-
lometric detector (Crespy et al. 2001).
Electrochemical methods have received excessive at-
tention due to their simplicity in instrumentation setup,
sensitivity, low cost, and fast response time (Schachl
et al. 1997). Nowadays, the use of boron-doped diamond
electrode (BDD) is significantly increasing and it is one of
the most preferred solid electrode material due to a chem-
ical inertness, very low background currents, low adsorp-
tion, and a wide applicable potential window (Svorc et al.
2014; Pecková et al. 2009). The electrode is also environ-
mentally friendly, highly sensitive, long-term stable and it
can be used for the determination of different biologically
active compounds with significant importance in the field
of food, environment, and drug analysis (Stanković and
Kalcher 2015; Stanković 2015).
The aim of this work was to investigate the electro-
chemical behavior of this important biologically active
compound with BDD electrode and to develop a simple,
fast, and sensitive method for the determination of Phl at
low concentrations.
Experimental
Chemicals
Boric acid, sodium hydroxide, acetic acid, phosphoric ac-
id, and phlorizin (99%) were purchased from Sigma–
Aldrich and used as received without any further purifi-
cation. All other chemicals were of analytical reagent
grade. Deionized water with a resistivity of 18 MΩ cm
(Millipore Milli-Q system) was used for the preparation of
all the solutions.
Calibration and working solutions of Phl were prepared
from the stock solution by appropriate dilution with Britton–
Robinson (BR) buffer as supporting electrolyte. The latter was
prepared by mixing of phosphoric acid, acetic acid, and boric
acid solutions (each with a concentration of 40 mM). The pH
of different BR buffers was adjusted using sodium hydroxide
of 0.2 M.
Apparatus
Cyclic voltammetric (CV) and square wave voltammetric
(SWV) measurements were performed with an Autolab
PGSTAT 302N potentiostat/galvanostat controlled by cor-
responding software (Nov. 1.10). The electrochemical cell
(10 mL) consisted of a glass vessel equipped with an Ag/
AgCl re fe rence e lec t rode (3 M KCl , Met rohm
6.0733.100), a platinum wire as a auxiliary electrode
and the BDD working electrode (embedded in a polyether
ether ketone body with an inner diameter of 3 mm, a
resistivity of 0.075 Ω cm and a boron doping level of
1000 mg/dm3 as obtained by Windsor Scientific LTD,
UK). The BDD electrode was cleaned with deionized wa-
ter and gently rubbed with a piece of damp silk cloth until
a mirror-like appearance of the surface was attained. If the
electrode was new, it was anodically pretreated using a
potential of +2 V for 180 s in 1 M H2SO4 followed by
cathodic pretreatment at −2 V during 180 s to renew the
hydrogen-terminated surface of the working electrode.
The stability of the BDD electrode before and after one
or a few series of measurements was controlled with an
equimolar mixture of K4[Fe(CN)6]/K3[Fe(CN)6] couple.
pH values were measured using a calibrated pH meter
(Orion, model 1230) with a combined electrode. All po-
tentials given in the text are versus the Ag/AgCl reference
electrode at room temperature (22 ± 2 °C).
Procedures
Cyclic voltammograms were recorded with a scan rate of
0.1 V/s in a potential range between 0 and +1.5 V (versus
Ag/AgCl) using BR buffer (10 mL). The standard con-
centration of Phl in the measurements solution was
0.1 mM.
For quantitative determinations, square wave voltammetry
was applied in potential range from 0 to +1.5 V with the
following optimized parameters: scan rate of 0.05 V/s, pulse
amplitude of 0.01 V, and frequency of 20 Hz.
Interference Studies
Interferents were investigated in concentrations of 30 μM un-
der optimized experimental conditions with SWV. The peak
currents of 30 μMPhl were recorded in the absence and in the
presence of interferents.
Fig. 1 Cyclic voltammogram of Phl at a BDD electrode; dotted line
blank; full line 0.1 mM Phl; supporting electrolyte, BR buffer (pH 6.0);
scan rate, 0.1 V/s
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Sample Analysis
Apple root sample with content of Phl 95% (commercial or-
ganic extract) has been purchased from Badmonkey
Botanicals (Badmonkey Botanicals n.d.). The sample was dis-
solved inmethanol/water (50/50, v/v) and directly analyzed by
adding a known amount to the supporting electrolyte. Results
were calculated from the calibration curve. Determination of
Phl in urine sample, based on the previously reported literature
(Zhang and Zhang 2011), is important due to the possibility of
extraction from the body through the urine. Different concen-
trations of Phl were found in urine and due to that urine sam-
ples were considered as suitable for investigation of matrix
effect. Urine samples were diluted with supporting electrolyte
in a ratio 1:10 and then analyzed. For recovery studies, stan-
dard addition method was used and the urine samples were
spiked with aliquots of stock solution of Phl.
Results and Discussion
Electrochemical Behavior of Phlorizin at a BDD Electrode
Cyclic voltammetry was employed to study the electrochem-
ical behavior of Phl. A typical voltammogram is shown in
Fig. 1.
Phl exhibits a very well-defined oxidation peak with a peak
potential around +0.9 V in the anodic scan. In the reverse scan,
no cathodic peak was observed indicating that the oxidation of
the Phl is electrochemically irreversible.
Effect of pH
The effect of the pH value of the supporting electrolyte solu-
tion was investigated in the range from 2.0 to 10.0 using cyclic
voltammetry. Figure 2a shows the corresponding response
Fig. 3 Dependence of the peak current of Phl of cyclic voltammograms (a) on the square root of the scan rate (b); analyte, 0.1 mM Phl; supporting
electrolyte, BR buffer solution (pH 6.0)
Fig. 2 Cyclic voltammograms (a) and peak current (■) and potential (▲) (b) in dependence of pH; analyte, 0.1 mM Phl; supporting electrolyte, BR
buffer solution; method, CV with a scan rate of 0.1 V/s
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curves, Fig. 2b the dependencies of the peak current and the
potential on the pH. Up to pH 6.0, the signal increased where-
as it became smaller at higher pH. The peak potential of Phl
was shifted to more negative values with increasing pH. At
pH 6.0 the peak current was highest; therefore this value was
chosen for further experiments.
When varying the pH from 2.0 to 9.0, the peak potential
shifts to the more negative values according to the equation
E(V) = −0.063 × pH + 1.293. The slope of 63 mV per pH unit
is close to the ideal value of 59 mV which indicates an equal
number of protons and electrons in the electrochemical reac-
tion. This behavior is in accordance with structurally similar
phenolic antioxidants, where an equal number of protons and
electrons is included in the electrochemical reaction. The
probable mechanism of the oxidation might involve the for-
mation of a radical or the introduction of a further OH group in
the ortho-position of an existing phenol group with follow-up
reactions such as dimerization or ensuing oxidation to the
corresponding quinone.
Effect of Scan Rate
The effect of the scan rate in CVon the peak current of Phl was
investigated (Fig. 3). The peak current depends linearly on the
square root of the scan rate, indicating that the electrochemical
reaction is controlled by diffusion (Fig. 3b). The correspond-
ing equation, Ip (μA) = 0.10975 × v1/2 (mV/s) + 0.28782,
describes the linear regression yielding a coefficient
R2 = 0.9980.
Analytical Performance of the Sensor
SWV was selected as the electroanalytical technique for
the quantitative determination of Phl. An amplitude of
0.01 V, a scan rate of 0.05 V/s, and a frequency of
20 Hz provided the best results. Calibration curves were
constructed correspondingly; Fig. 4a. The linear depen-
dence of the current and concentrations of Phl are pre-
sented in Fig. 4b. The obtained currents were linear with
concentration in the range from 3 to 100 μM with a
corresponding linear equation: I (μA) = 0.03973 × c
(μM) + 0.00278; (R2 = 0.9978). The detection limit
(3σc=10μM/slope) was calculated to be 0.23 μM. The re-
peatability (n = 7 measurements, c = 10 μM Phl) were
calculated as ± 0.9%. It can be concluded that the pro-
posed method offers quite excellent characteristics for the
quantification of Phl.
Table 1 Resultsa obtained for the quantification of phlorizin in apple
root sample
Apple root sample
Expected (μM) Found (μM) Recovery (%)
17.00 17.50 ± 0.15 103
30.00 30.26 ± 0.27 101
50.00 50.61 ± 0.46 101
a n = 3
Fig. 4 SW voltammograms for different concentrations of Phl (a) and calibration plot (b); analyte, Phl from 3 to 100 μM; supporting electrolyte, BR
buffer solution (pH 6.0); parameters, scan rate 0.05 V/s, amplitude 0.01 V; frequency of 20 Hz
Table 2 Resultsa obtained for the quantification of Phlorizin in urine
samples
Urine samples
Expected (μM) Found (μM) Recovery (%)
0.00 0.00 –
20.00 20.00 ± 0.18 100
25.00 23.50 ± 0.19 94
30.00 31.04 ± 0.28 103
a n = 3
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Interference Studies
The selectivity of the method toward Phl was investigated
with potentially interfering compounds, such as caffeic acid
(CaA), gallic acid (GA), catechol (CA), hydroquinone (HQ),
phloretin (Phlt), ascorbic acid (AA), uric acid (UA), dopamine
(DA), fructose (Fru), maltose (Mal), and glucose (Glu) at the
same concentration level as the analyte (30 μM). The results
are given in the supplementary material (Fig. S1). As expect-
ed, structurally similar compounds (phenolic antioxidants:
CaA, GA, CA, HQ, and Phlt) interfere by overlapping and
increasing the response of Phl. Thus, in the presence of these
compounds, Phl can be detected only as a sum of antioxidants.
However, the carbohydrates under investigation, i.e., Mal,
Fru, and Glu are not electrochemically active under the chosen
experimental conditions. AA and DA do not interfere with Phl
due to their lower oxidation potential under proposed experi-
mental conditions. On the other hand, UA interferes by slight-
ly decreasing of oxidation current of Phl and overlapping the
peaks obtained for UA and Phl.
Analytical Application of the Sensor
The sensor was applied for the determination of Phl in a com-
mercial apple root extract (Table 1) and in urine samples
(Table 2). Concentrations of the analyte in the samples (S1,
S2, and S3) were evaluated, and results are estimated from cal-
ibration curve. The corresponding voltammograms are shown in
Fig. 5. All samples were analyzed in triplicate, and results are
given as mean value from three measurements. From the data
listed below, it can be concluded that the BDD electrode in
combination with square wave voltammetry shows good recov-
ery rates with negligible matrix effects for both apple root and
urine samples. In the absence of other phenolic antioxidants, it
can be successfully applied as replacement for the expensive and
time-consuming separation methods.
Conclusions
The electrochemical determination of Phl was described using
a boron-doped diamond electrode in combination with square
wave voltammetry. The obtained results showed that proposed
method toward the detection of phlorizin has a good repeat-
ability and a satisfactory detection limit allowing quick deter-
minations of Phl.
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